Precursor phenomena are critical issues for martensitic transformations. In this article, we show recent progress in understanding precursor phenomena to the R-phase transformation, which is important for both fundamentals and applications. Structural modulation in the parent phase was intensively studied by means of detailed analyses of the weak diffuse scattering of electrons with the aid of recently developed energyfiltered transmission electron microscopy coupled with x-ray diffraction. A peculiar domain-like structure, which originates from static transverse atomic displacements in the parent phase, was discovered by virtue of these advanced methods. The characteristics of this structure (e.g., size, shape, and temperature-dependence), as well as its role in the subsequent R-phase transformation, are discussed.
Introduction
The cubic (parent phase) to trigonal transformation (called the R-phase transformation) in Ti-Ni-based alloys is important for both fundamental understanding and applications. 1 In fact, most of the practical applications of Ti-Ni shape-memory alloys use the R-phase transformation, since it exhibits a small temperature hysteresis, as small as 1-1.5 K (Figure 1 ). The R-phase transformation was first found by Dautovich and Purdy 2 and then was well characterized by Sandrock et al. 3 by the sharp increase of resistivity, as shown in Figure 1 . Since the R-phase transformation occurs prior to another martensitic transformation to a monoclinic phase, it was previously called a premartensitic transformation or believed to be a distinct second-order transformation. However, it is now established that the R-phase transformation and the subsequent transformation to the monoclinic phase are two competing martensitic transformations of the first order. [4] [5] [6] [7] Practically speaking, the R-phase transformation is realized if Ti-Ni alloys are subjected to work-hardening, precipitation-hardening, or the addition of a third element such as Fe or Al. 1 The last method seems most effective; with its use, the subsequent martensitic transformation to the monoclinic phase is markedly suppressed, 8 and hence the R phase is observed in a much wider temperature range near ambient temperature, as shown in Figure 1 .
From a physical point of view, the presence of diffuse incommensurate reflections [5] [6] [7] 9, 10 and their correlation with the subsequent R-phase transformation are interesting and have been controversial for many years. (The temperature range in which the diffuse incommensurate reflections are observed will be discussed later.) Understanding these precursor phenomena (i.e., those above the transformation temperature R s ) is of vital importance not only for establishing the transformation mechanism, but also for developing further smart and stable shape-memory alloys in the future. This article presents recent findings on the precursor phenomena for the R-phase transformation obtained by detailed studies with newly developed advanced transmission electron microscopy (TEM) [11] [12] [13] and x-ray diffraction (XRD).
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Precursor Phenomena in Ti-Ni-Based Alloys
Since the R-phase transformation is of the first order, a prominent change in the crystal structure should take place below a definite transformation temperature R s , which will be explained later. However, it has been pointed out that some structural changes occur even above R s . They are detected by anomalies of elastic constants, 16 softening of a specific phonon branch (the TA 2 phonon), 17, 18 and the appearance of incommensurate diffuse scattering. [5] [6] [7] 9, 10 Analyzing the diffuse scattering is a key approach to examining the characteristic features of the structural modulation, and in fact, many experimental and theoretical works have been done to date. Here, we briefly note the history and current status of exploration of the structural modulation above R s . The most intensive and extensive studies may be those by Salamon and Wayman's group, 5 ,10 who carried out x-ray, electron, and neutron diffraction studies on Ti-Ni-Fe alloys in conjunction with measurements of resistivity, specific heat, and magnetic susceptibility. They have found that diffuse satellite reflections first appear at an incommensurate position, and then the incommensurability decreases with decreasing temperature until it locks into the commensurate state of the R phase. They accounted for these satellite reflections by a model involving discommensurations in the lattice strain, which were analogous to discommensurations in a charge-density-wave phase. Shapiro et al. 9 studied the incommensurate state using single-crystal XRD and reported that the incommensurability was neither regular nor periodic, that is, observed positions of satellite reflections depended on the Brillouin zone to which the reflections belong. Thus, they denied the possibility of the formation of a simple chargedensity wave (a periodic, inhomogeneous density of electrons in a material) in the incommensurate state. To account for this peculiar incommensurability, Yamada (MLR) model, where he assumed the existence of both a dip in the phonon dispersion and a particular type of defect in the system. He showed that the diffraction effect due to MLR can produce incommensurate satellite reflections and a uniform shift of the peak positions toward the origin of the reciprocal space, while direct observations of such MLR have been difficult.
As for the correspondence of the transformation temperature, resistivity, and the appearance of the satellite reflections, Salamon et al. 10 reported that the incommensurate satellite reflections appear at a specific temperature, at which the resistivity increases upon cooling. However, in situ electron microscopy observations have modified the picture, 6, 7 and the current understanding is as follows. Incommensurate satellite reflections (diffuse scattering) are present in the parent phase ( Figure 1 , inset on right), that is, above the transformation temperature R s that coincides with the starting point of the considerable increase of resistivity. The R phase, as the low-temperature phase, is formed below this temperature, and it is characterized by the commensurate superlattice reflections ( Figure 1 , inset on left).
Despite these accumulated experiments and theoretical considerations, the nature of the incommensurate diffuse scattering in the parent phase and its impact on the subsequent R-phase transformation are still controversial. Here we intend to clarify what is formed above R s by means of direct observations by advanced electron microscopy and XRD.
Advanced Structure Analysis Methods
Before studying the precursor, we will explain the crystal structure of the R phase as the final product, which had been controversial for a long time. Actually, the term "R phase" originates from the rhombohedral symmetry of the phase, which was accepted in error until recently, and this previous terminology is widely used even now. It is quite difficult to prepare a single crystal of the R phase, and this difficulty may have hampered the structure determination. One of the present authors and his colleagues 14 recently carried out precise x-ray powder diffraction studies with the aid of Rietveld refinement. They revealed that the R phase had trigonal symmetry and determined both the space group (P3) and atomic positions with high precision. They also demonstrated that the complicated structure of the R phase could be described by the superposition of three transverse atomic displacement waves, 14, 15 as will be explained later in detail. Thus, XRD has contributed to the establishment of the crystal structure of the R phase, and even the precursor can be examined with high precision. In this case, the information obtained on precursor phenomena is averaged data from a whole specimen. To explore the microstructures relevant to the precursor, TEM is useful for obtaining local information about both images and diffraction. However, the intensity of the diffuse scattering in the precursor is too weak to analyze quantitatively by conventional electron microscopy, as pointed out previously. 6 This is due to the presence of strong background, which mainly arises from plasmon excitation. Recently, analytical electron microscopy techniques such as electron energy-loss spectroscopy have progressed rapidly, and various types of energy filters have been developed and installed in conventional electron microscopes. Combining the energy filters with new recording systems such as imaging plates, 20 quantitative analysis of electron diffraction patterns is now feasible. 21 The inset on the right in Figure 1 shows the effectiveness of energy filtering, where the intensity profile of a conventional (unfiltered) electron diffraction pattern of Ti 50 Ni 48 Fe 2 is compared with that of an energy-filtered one. The incident electron beam is parallel to [1 1] . Due to the energy filtering, the background was drastically reduced, and weak diffuse scattering in the precursor is clearly seen. This technique has allowed us to examine the characteristic features of the diffuse scattering in detail and to observe the related microstructures in real space. The observations are almost consistent between electron diffraction 11, 12 and XRD.
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Comparison between the Precursor and the R Phase
As mentioned earlier, a target in the present investigation is to clarify what is formed above R s , that is, to find the source of the diffuse scattering in the parent phase. An appropriate way is to compare the characters of diffuse scattering, for example, intensity distribution and peak positions, with those of superlattice reflections in the R phase. These parameters are quite sensitive to crystal structure. Figure 2a shows an electron diffraction pattern of the R phase at 240.0 K, while Figure 2b shows that of the parent phase at 280.0 K. Although the R phase is trigonal, 14 the reflections are indexed in terms of the B2 structure of the parent phase to facilitate comparison. They are similar to each other with respect to the presence of satellite reflections near 0 1 ⁄3 1 ⁄3 and its equivalent positions. However, the diffuse scattering in the parent phase is broad and weak, while the superlattice reflections in the R phase are sharp and strong. For example, full width at half maximum (FWHM) of the parent phase (ϳ2 ϫ 10 Ϫ2 deg) is almost 1 order of magnitude larger than that of the R phase (ϳ4 ϫ 10 Ϫ3 deg). The intensity distribution is also distinct between these satellite reflections. Figure 2d provides an electron diffraction pattern of the parent phase taken with a systematic excitation condition. Here, the specimen was tilted so that 0hh-type reflections were solely excited. This condition suppresses the dynamical diffraction effect that strongly modifies the intensity distribution. It is clear by comparison of Figures 2b and 2d that the diffuse scattering is missing along a horizontal vector across the origin. The result indicates that the diffuse scattering is originally absent along this vector, while it is visible in Figure 2b of axial incidence, owing to the dynamical diffraction effect. In contrast, the superlattice reflections in the R phase are observed even for a similar systematic excitation condition, as shown in Figure 2c (Figure 2e ). In contrast, the diffuse scattering in the parent phase is at incommensurate positions that depend on temperature. For example, the peak position is around 0.32 above 310.0 K. Weak diffuse spots were observed even over 80.0 K above R s in the present observation. However, below 310.0 K, the peak position moves toward the commensurate position upon cooling until it reaches the exact 1/3 position at 278.0 K. This trend is consistent with the previous neutron diffraction studies, although the temperature range (relative to R s ) for the appearance of incommensurate diffuse spots is different. It was found by these investigations that the diffuse scattering in the parent phase was essentially different from a superlattice reflection in the R phase with regard to some principal characters (peak position, FWHM intensity, extinction rule) as described previously in this section.
We next compare the microstructure of the parent phase with that of the R phase. Figure 2f shows a dark-field electron microscope image of the R phase at 248.0 K, while Figure 2g shows that of the parent phase at 296.0 K. The reflections circled in each inset were used to obtain the images. Since the microstructure of the parent phase is tiny, both the diffuse scattering and the fundamental reflection were used. This observation mode is higher in both resolution and image intensity than the conventional dark-field electron microscopy of selecting only one reflection. 22, 23 In Figure 2g , many white dots smaller than 5 nm are observed. The observation indicates that the structure consists of small domains, which we call microdomains. The microdomains were found to be almost round rather than needlelike, as observed by electron microscopy along a few distinct orientations. 23 On the other hand, distinct microstructure with antiphase boundary-like contrast is observed in the R phase, as shown in Figure 2f . Hence, it becomes clear that even the microstructure is distinct between the precursor state and the R phase. The nature of these microstructures will be discussed later in detail.
Essential information on the microdomains can be derived from the following experiment. Figures 3a and 3b show energy-filtered dark-field electron microscope images of the parent phase, observed with a fundamental reflection and the diffuse scattering as shown in each inset. In Figure 3a , several microdomains are indicated by arrowheads oriented to the left. The size of the microdomains (i.e., less than 5 nm) are similar to those observed in Figure 2g . Figure 3b , which was observed with a different diffuse spot, shows distinct distribution of the microdomains, that is, they are present at different positions from those in Figure 3a , as indicated by arrowheads oriented to the right. The transverse atomic displacements that are responsible for the diffuse scattering can be classified into several groups depending on the propagation vectors (e.g., those along [011], [ 01], and [110] directions, as depicted in Figure 4 ). The observation clearly shows that each microdomain is attributed to one of these ͗0 1͘ ͗011͘-type transverse atomic displacements. In other words, the microdomains themselves are classified into several groups, depending on the propagation vectors of the displacements. The atomic configuration in the microdomains is in sharp contrast to that of the R phase, because the latter is described by the combination of three ͗0 1͘ ͗011͘-type transverse displacement waves. 14, 24 The state accompanied by these microdomains was called the intermediate state in a previous paper by Ohba and Miyata, 15 but they are essentially equivalent.
Development of the Precursor and Subsequent R-Phase Transformation
To examine the microstructure change in the precursor state upon cooling, in situ dark-field electron microscope observations were carried out with a video system (Gatan-622SC). For more on these observations, see the MRS Bulletin Web site at www.mrs.org/members/bulletin/2002/ feb/shindo_appendix.html. Figure 5a shows the development of microdomains in the precursor, while Figure 5b shows the microstructure change during the R-phase 1 1 1 transformation. In Figure 5a , the microdomains in clear contrast are indicated by arrows. As the temperature decreases by 1.0 K, new small domains appear and grow, as indicated by the triangles. It is interesting to note that while these tiny domains grow, the preexisting ones indicated by arrows do not grow appreciably, keeping their sizes less than 5 nm. This finding of a size limitation suggests that there exists some resistive force to the growing microdomains. If the microdomains consist of a single transverse type of atomic displacement with a perfect translational symmetry, they tend to grow largely without a definite size limitation. The experimental result clearly contradicts this tendency. One of the causes of the resistive force is the localized lattice strain between the microdomains and the matrix parent phase, and such lattice strain accompanying the single transverse type of atomic displacement in the microdomains may not have translational symmetry. This is because the lattice strain accommodates the two different periodicities of the microdomains and the matrix. Now, this lattice strain without the translational symmetry is considered to result in the characteristic movement of the peak positions of the diffuse scattering from one Brillouin zone to another, as detected by XRD.
9,15 Such a diffraction effect can actually be explained with the MLR model proposed on the basis of the embryos induced as defects, which were characterized by the two types of displacements of atoms. 19 When the specimen is cooled down to 260.8 K, somewhat larger domains suddenly appear at many points in a field of
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Understanding Precursor Phenomena for the R-Phase Transformation in Ti-Ni-Based Alloys view (indicated by triangles in Figure 5b) . R s is 260.8 K in the specimen used in Figure 5b , which was evaluated at the temperature at which the satellite reflections locked into the 1/3 commensurate positions upon cooling. These domains were found by careful observations 13 to be the newly formed R phase. The size of the R phase just after formation was 4-8 nm, but each domain grew significantly with only slight cooling, being distinct from the case of the microdomains in the precursor.
By the formation and growth of these domains, huge bright regions over 30 nm are visible at 260.0 K. Finally, at 259.9 K, the typical microstructure of the R phase, being accompanied by peculiar antiphase boundary-like contrast (labeled APB), is observed as in Figure 2f . These boundaries were once believed to be discommensurations associated with the charge-densitywave formation. 5 However, it is now established that the R phase is a commensurate superstructure. The present work has shown that nucleation of the R phase takes place at numerous positions within the field of view, as shown in Figure 5b . Accordingly, these boundaries are now interpreted as real antiphase boundaries that are produced by the impingement of small R phase regions independently formed. The nucleation as described here can be justified if we consider that the nucleation is assisted by the accumulation of local lattice strain in the parent phase, which is probably realized by the increasing number of microdomains upon cooling.
A Scenario for Precursor Phenomena for the R-Phase Transformation
From these observations and discussion, the following scenario for the precursor phenomena for the R-phase transformation in Ti-Ni-based alloys can be suggested. In the parent phase, tiny microdomains with a single transverse type of atomic displacement form first. The presence of the microdomains is probably related to the phonon softening 17, 18 and the anomaly of the elastic constant cЈ. 16 The shape of the microdomains is approximately spherical, rather than elongated as in the wellknown tweed structures observed in other systems. This point is rationalized by taking the anisotropy of elastic constants into consideration. 23 In the alloys exhibiting the tweed structure, anisotropic factors c 44 /cЈ in the parent phase are generally large. For example, the anisotropic factors of Ni 63.2 Al 36.8 (Reference 25) and Fe 70 Pd 30 (Reference 26) are about 9 and 15, respectively, in the vicinity of the transformation temperature. In these alloys, the regions subjected to lattice distortion will be elongated in the direction along which the elastic constant is small, rather than taking a spherical shape. On the contrary, the anisotropic factor of Ti 50 Ni 48 Fe 2 is much smaller than those alloys, for example, about 2 in the vicinity of the transformation temperature to the R phase. 16 Because of this small anisotropy, the shape of domains in the parent phase will be close to spherical, and a microstructure distinct from those in tweed patterns is visible, although the origins of structural modulation will be closely related to each other. While decreasing temperature, the lattice strain around the growing microdomains will be pronounced, and thus it will keep their sizes to less than 5 nm, but will induce the formation of new microdomains around it. As a result of the coexistence of some microdomains, each of which has a different propagation vector of the displacement, the total strain energy in the specimen will be somewhat reduced. Also, with an increase in the microdomain Understanding Precursor Phenomena for the R-Phase Transformation in Ti-Ni-Based Alloys density, the incommensurate periodicity is considered to change gradually through the interactive force among them. When the temperature decreases further to R s , the lattice modulations of the microdomains, which are subjected to a single transverse type of atomic displacement accompanied by appreciable lattice strain, are united to form a new trigonal structure (i.e., the R-phase structure) created by the combination of three ͗0 1͘ ͗011͘-type transverse displacement waves and having translational symmetry.
Conclusions
After 30 years of accumulated work, it has been established that the R-phase transformation is a martensitic transformation of the first order that is associated with both the shape-memory effect and superelasticity. To investigate the precursor phenomena, and their relation to the subsequent R-phase transformation (which has remained unsolved to date), in the present work careful observations were made with energy-filtered electron microscopy and x-ray diffraction. We discovered microdomains smaller than 5 nm in the parent phase, each of which contributed to the controversial incommensurate diffuse scattering. This precursor state was found to be distinct from the subsequent R phase in some typical ways, such as the temperature-dependence of the observable domains in dark-field images and the extinction rules on satellite reflections. Based on these experiments, we conclude that the microdomains observable in the precursor are neither a small R phase nor its approximated structure with trigonal symmetry, but distorted regions in the parent phase, each of which is subjected to a single transverse atomic displacement. This may be a rather new view of the precursor. Furthermore, the peculiar so-called antiphase boundary-like contrast in the R phase was shown to be a true antiphaseboundary contrast, based on the structure of the R phase that has been recently determined. It is emphasized that those results were obtained with the aid of the new techniques described herein. 
